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Kinetics of passive film growth on a CoCrMo biomedical alloy have been studied using the Electrochemical Quartz Crystal Mi-
crobalance technique (EQCM) in phosphate buffer solution at room temperature and 37◦C. CoCrMo layers were deposited on the
quartz crystals by physical vapor deposition (PVD) reaching a dense and compact deposition film with fine-grain structure. EQCM
measurements were performed under potentiodynamic and potentiostatic conditions (at applied passive and transpassive potentials).
Furthermore, ex-situ X-ray Photoelectron Spectroscopy (XPS) analysis of the each tested sample was performed at the end of the elec-
trochemical test. The use of EQCM allows distinguishing between electrochemical oxidation, passive and transpassive dissolution and
passive film growth. In the passive domain the passive film thickness stabilizes within 200 to 400 s after an initial fast growth. The in-
crease in current at the onset of the transpassive domain does not affect the passive dissolution rate. Only at higher potential dissolution
rate increases due to the dissolution of Cr(VI), Co(III) and Mo(VI) species. The observed constant mass loss rate at transpassive po-
tentials indicates that the passive film at these potentials is cracked or porous. Increasing temperature accelerates the mass loss through
the oxide/electrolyte interface enhancing the passive and transpassive dissolution and increasing the thickness of the oxide film.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.090205jes] All rights reserved.
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CoCrMo alloys are one of the most important metallic materials
used in orthopedic implants.1–3 Their use is based on their excellent
mechanical properties (wear and hardness) and the high resistance to
corrosion in physiological media which is related to the spontaneous
formation of an oxide film that protects the metal from the surrounding
environment. This layer has a high Cr content (mainly Cr2O3 and
smaller amount of Cr(OH)3) with a minor contribution of Co and
Mo oxides.4–7 One of the most important issues in the use of this
metallic biomaterial is passive dissolution which has been considered
one problem for the long term durability of the implants and for the
adverse effects that can cause metal ion release (physiological effects,
toxicity, carcinogenicity and metal allergy).8–12 The properties of the
oxide film may change depending on the physico-chemical conditions
(i.e. temperature, potential, etc.) and the adsorption of organic species
present in body fluids such as proteins.13–15 Furthermore, there is an
increasing interest in the study of interfacial behavior of proteins in
the human body as a result of problems associated with bacterial
growth16, 17 and metal dissolution.18, 19
Considerable insight into the corrosion behavior of CoCrMo
biomedical alloys has been obtained using conventional electrochem-
ical techniques such as potentidynamic curves, cyclic voltammetry
measurements, potentiostatic tests and Electrochemical Impedance
Spectroscopy (EIS).5, 6, 20–24 The Electrochemical Quartz Crystal Mi-
crobalance (ECQM) is known to be a powerful technique for studying
the electrochemical process such as film modifications, mass trans-
port phenomena and adsorption kinetics taking place at the interface
of thin films.25 This technique is based on the piezoelectric effect: the
application of an applied electrical potential across the crystal induces
a corresponding mechanical shear stress proportional to the applied
potential.26 Therefore, variations of the total mass occurring at the
material surface can be measured quantitatively by a shift in the res-
onance frequency of the EQCM. The device is capable of measuring
mass changes in the nanogram range.27
The total frequency change (f) obtained in an experimental
EQCM measurement is due to the contribution of the mass load-
ing (fm) and the viscous loading (fv) according to equation 128:
 f =  fm +  fv [1]
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In the case of ideally smooth surfaces, rigidly attached films and New-
tonians fluids, mass loading influences only the resonance frequency,
whereas viscous loading affects both the frequency and the quartz
crystal resistance near the resonance frequency.28
The mass loading is only related to changes in the total mass
of the quartz due to mass added or removed from the surface. A
relationship between the changes in the quartz electrode mass (m)
and the frequency shift (fm) due to mass loading was developed by
Sauerbrey27:






· m = −C f · m [2]
where f0 is the resonance frequency of the unloaded crystal (in MHz),
ρq is the quartz density (in g cm−3), μq is the elastic shear modulus
of the quartz (in N cm−2) and N is the harmonic resonance number
(N = 1). Cf is the quartz sensitivity factor (in Hz cm2 g−1). According
to Sauerbrey’s theory, the mass sensitivity is only dependent the quartz
properties, not the added material. Furthermore, the negative sign of
the equation 2 shows an inverse relation between the frequency shift
and the mass change on the electrode surface. Thus, a reduction in the
resonant frequency is related to mass accumulating on the crystal.
Galliano et al.28 demonstrated that the viscous loading fv can
be accurately corrected in real time by recording the crystal resis-
tance Rcrys since a direct relation between the fv and Rcrys exists
according to Equation 3:
 fv = K · Rcr ys [3]
Here K is a proportionality constant that need to be calibrated for
a given system and temperature.
The EQCM technique has been employed in the study of passive
films and electrochemical mechanisms (oxidation and dissolution) of
a large number of metals and alloys.29–37 For this reason, this tech-
nique has been used to investigate the corrosion of biomedical relevant
metallic materials. EQCM corrosion studies have been carried out on
titanium,38–40 stainless steel34, 35 and chromium.41, 42 Frateur et al.41
studied the adsorption of Bovine Serum Albumin (BSA) on passi-
vated chromium and they observed very fast adsorption kinetics of
the BSA on the metallic surface. Ithurbide et al.42 studied the in-
fluence of potential and pH on the adsorption process of albumin on
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passivated chromium surfaces. The adsorption kinetics were observed
to be slightly dependent on the pH in the passive domain. No literature
has been found related to the use of EQCM on the corrosion behavior
of CoCrMo alloys. Further, it is interesting to note that all of the above
mentioned authors carried out the EQCM tests at room temperature
and not at body temperature (37◦C). Knowing the large effect temper-
ature has on electrochemical and absorption processes,3 the possibility
to extrapolate the published results to the in-vivo conditions appears
problematic.
The main advantage of the EQCM is the possibility to measure
the mass changes on an electrode surface in real time with high res-
olution and sensitivity. However, the EQCM is not able to differen-
tiate between the dissolution of the alloy and passive film growth
since only the overall mass change occurring on the electrode surface
is measured. To get information on the chemical composition and
thickness of the passive films, methods of surface analysis such as X-
Photoelectron Spectroscopy (XPS) are needed. Thus XPS and EQCM
were advantageously combined in the investigation of passivity, in
particular for determining the film growth kinetics.35–37
The goal of this work is to study the anodic behavior of a CoCrMo
biomedical alloy in simulated body fluids at room temperature and at
37◦C. For this, the mass changes during potential sweeps from a low to
a higher passive potential or to a transpassive potential were evaluated
and correlate to passive film growth. Ex-situ XPS analysis was also
performed to evaluate the chemical composition and the thickness of
the passive film. By calibrating frequency to mass, it is possible to
make a quantitative comparison between EQCM and XPS data.
Experimental
Quartz crystals.— AT-cut 10MHz quartz crystals (X-tronix,
Switzerland) are used for the EQCM studies served as substrates
for depositing the electrodes. The crystals were built up from plates
quartz of 14 mm in diameter and 167 μm in thickness.37 These crys-
tals contained a thin film electrode on the back side formed by two
layers, one of gold (with a thickness of 230 nm) and the second of
chromium (20 nm) added to the crystal to improve adhesion. On the
opposite side, a 1.45 μm thick CoCrMo layer was deposited by physi-
cal vapor deposition (PVD). The latter layer is simultaneously used to
drive the crystal of an electric field and to act as working electrode in
the electrochemical cell. Before the sputter deposition of the CoCrMo
on the disk electrode, the quartz crystals were cleaned in an alkaline
solution and degreased ultrasonically in iso-propanol for 15 minutes.
PVD depositions of CoCrMo layers on quartz crystals.— The PVD
sputter deposition was carried out in an argon atmosphere using a
magnetron Edwards ESM 100 PVD chamber equipped with a rotat-
ing sample holder. The target used was a Stellite 21 which composition
was determined by X-Ray Fluorescence (Co 60.32%, Cr 33.84%, Mo
3.39%, Fe 1.42%, Ni 0.53%). The base pressure in the PVD chamber
before admitting argon was 3.2 10−5 mbar, reaching a value of 10−2
mbar (pressure during deposition). During the CoCrMo deposition
the sample holder was cooled with water with a refrigerant module
adapted into the system. Before starting deposition, the substrate sur-
face was cleaned by argon sputtering for 15 minutes. The used process
parameters were: 500 V, 355 W, −200 V bias and 40 minutes of de-
position time. The microstructure of the PVD deposits was observed
using a JEOL 6300 F scanning electron microscope (SEM). Figure 1a
shows that the PVD-coating is compact and dense with a fine-grain
structure. The cross section of the Figure 1b shows that the film has a
columnar structure with a thickness of 1.45 μm. This structure is re-
lated to the columnar growth mode of the deposit previously observed
in other deposits of tungsten, stainless steel and chromium.30, 36, 37
To minimize interference with the anti-delamination Cr layer, the
composition of the PVD layer was measured using EDX instead of
XRF. Considering the different techniques used, the obtained coating
composition (Co 64.87%, Cr 27.36%, Mo 5.37%, Fe 1.55%, Ni 0.00%,
Si 0.85%) corresponds well with the target composition and in general
Figure 1. SEM images of the CoCrMo PVD deposits. (a) Surface and (b)
cross sectional view after fracture.
with typical biomedical CoCrMo alloys. The presence of a weak Si
signal in the coating is likely due to the quartz substrate.
In order to compare the polarization behavior of the coating to
bulk alloys the polarization curve of the coating (see section 2.6) was
graphically compared to published curves43 in Figure 2. These curves
were obtained with a single biomedical CoCrMo alloy in the same
Figure 2. Comparison of polarization curves obtained with PVD-coating and
using CoCrMo bulk alloys.
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Figure 3. Schematic EQCM experimental setup.
solution that the presented one. The polarization curve of the PVD
coating falls well within the scatter range of the published measure-
ments. This indicates that the results obtained here with PVD coating
are relevant for bulk alloys too.
Experimental cell set-up.— Figure 3 schematically shows the
EQCM set-up. The oscillatory circuit used was a Maxtek PLO 10i
connected to a Fluke PM6680B frequency counter and to a HP 34401
voltmeter (for measurement of the crystal resistance). The electro-
chemical conditions were controlled using a Schlumberger Solartron
1286 potentiostat. The entire measurement was controlled and data
were logged through a National Instruments Labview interface.
A double walled three-electrode cell (volume 200 mL) was used
for all the electrochemical measurements. An Ag/AgCl (3.5M KCl)
reference electrode and a gold wire counter electrode were used. All
potentials all given with respect to the Ag/AgCl electrode (SSE),
the standard potential of which is 0.205 V with respect to the stan-
dard hydrogen electrode (SHE). The solution was not deareated and
was kept at room temperature (24 ± 1◦C) or at 37◦C by circulating
warm water between the two cell walls. Thus, to avoid thermal varia-
tions, related to the different temperature between the electrolyte and
the back side of the quartz electrode, a stabilization time of around
30 minutes was imposed before starting the electrochemical exper-
iments. Furthermore, a thermocouple introduced in the holder just
behind the quartz crystal was used to verify that the temperature had
reached a stable value within 30 minutes.
The electrolyte consisted of a pH 7.4 phosphate buffer solution
(PBS) with the following composition: 0.14M NaCl, 1mM KH2PO4,
3mM KCl and 10mM Na2HPO4.
For the electrochemical experiments the quartz crystals were
placed in a vertical Teflon holder previously described by Schmutz
et al.32 Care was taken to maintain the same height of the working
electrode with respect to the electrolyte level in all tests since differ-
ent hydrostatic pressure on the crystal surface may affect the EQCM
measurements.
Correction constant for viscous loading.— Water/glycerol solu-
tions with the concentrations of 100, 75, 50 and 25% (in water vol-
ume) were prepared in order to determine the proportionality constant
(K) that allows one to correct the total frequency for viscous load-
ing (equation 3). These solutions are chemically inert and do not
lead to absorption on the metal surface and therefore fm can be
neglected.28, 44 Thus, the change in frequency is only related to the
viscous load.
Figure 4 shows the frequency variation (f) and the variation
of the crystal resistance (Rcrys) with respect to pure water after
immersion of the crystal in the glycerol solutions. A good linear
dependence is found in agreement with equation 3. The slopes of the
linear interpolations give K values of −10.6 and −8.6 Hz −1 for
room temperature and 37◦C, respectively.
Figure 4. Variation of the resonant frequency of the quartz crystal electrode as
a function of the crystal resistance for the CoCrMo alloy at room temperature
and 37◦C in solutions of different glycol/water concentrations.
Calibration of the Sauerbrey constant.— The quartz sensitivity
factor (Cf) in the Sauerbrey equation can be calculated theoretically
or measured experimentally. The theoretical values of the Cf can be
obtained using the physical properties of the crystal, however the
experimental method obtained by the electrodeposition of copper on
a gold electrode at 100% current efficiency gives more accurate Cf
values.28 This latter approach was used in this work.
Copper was plated from a solution of 0.5M CuSO4 + 0.5M H2SO4
+ 1.1M ethanol at room temperature and 37◦C at an applied potential
of −0.21VAg/AgCl. Previous studies showed that this electrolyte show a
current efficiency of 100% at this cathodic potential.45, 46 The current
density j and the frequency change f due to the electrodeposition
were registered during the test (Figure 5). The contribution of vis-
cous loading was subtracted using the constant described above. The
Sauerbrey constant Cf was determined using equation 4:
C f = − fm
m
= −  fmq·MCu
n·F
· acond [4]
where q is the electrical charge (integrated from the current vs time
curves as shown in Figure 5), MCu is the atomic mass of copper
(63.54 g mol−1), n is the charge number or valence of dissolution of
the metal (2 in this case), F is the Faraday constant (96485 C mol−1)
and acond is the conductive area in cm2 (23.13 cm2).
Figure 5. Current and frequency evolution obtained during the electrodeposi-
tion (−0.21VAg/AgCl) of copper on a gold electrode at room temperature (RT)
and 37◦C.
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The experimental values of the sensitivity factor (Cf) are
0.20 ± 0.05 and 0.21 ± 0.01 Hz cm2 ng−1 at room temperature and
37◦C, respectively (average values of 3 independent tests for each
temperature). Therefore, at lower temperatures, the same change in
frequency corresponds to higher variation in mass on the electrode
surface.
EQCM measurements on CoCrMo.— Two different electrochem-
ical tests were conducted with the described EQCM set-up: potentio-
dynamic curves and potential step tests.
The general corrosion behavior of the CoCrMo alloy was ana-
lyzed by potentiodynamic measurements. Initially, open circuit was
measured for 10 min. The scans were started at a cathodic potential of
−1 VAg/AgCl and moved into the anodic direction up to the transpassive
region (limited at a maximum current of 200 mA) at a scan rate of
1mV s−1. Current response and frequency were simultaneously mea-
sured during the scan. The potentidynamic curves were carried out in
the following experimental conditions: (a) PBS at room temperature
and (b) PBS at 37◦C. All experiments were carried out under non
deaerated conditions. The corrosion potential (Ecorr) as well as the
passive current density (ip) and the breakdown potential (Eb) were
extracted from the polarization curves. The ip was obtained at the
passive potential of 0.1 VAg/AgCl.
On the other hand, the film growth of the CoCrMo was ana-
lyzed potentiostatically using potential steps experiments (passivation
experiments). These tests consisted in maintaining the potential at
−0.05 VAg/AgCl for 30 minutes and subsequently increasing it at a fast
controlled scan rate (10 and 100 mV s−1) to 0.35 or 0.55 VAg/AgCl. The
sample is kept at this potential for 30 minutes. The response in cur-
rent and frequency is monitored all along the test. Before the test, the
open circuit potential was measured for 10 min. The use of different
potential scan rates allows one to investigate the film response of the
alloy to a potential change.36 Furthermore, potential step tests from
OCP to −0.05 VAg/AgCl were also performed.
X-ray photoelectron spectroscopy.— After the electrochemical ex-
periments the samples were taken out of the cell with the polarization
switched on. They were rinsed with water and blow-dry with nitrogen
before being stored in a dessicator for at least one week before XPS
analysis.
Table I. XPS peaks considered for fitting.
Element Peak Oxidation state Binding Energy




Co 2p2/3 Co 778 ± 0.6
Co oxidized +2.5




O 1s O2− 530.2 ± 0.7
OH− +1.6
H2O +3.0
The XPS measurements were performed with a Kratos AXIS ul-
trahigh resolution spectrometer, using a monochromatic Al Kα X-ray
source and a take-off angle of 0◦ with respect to the surface normal.
No sputtering was performed prior to analysis. The energy scale was
calibrated by fixing the adventitious carbon peak 285 eV. The fitting
of the XPS-spectra was performed using the commercial software
package CasaXPS and the peaks listed in Table I. The evaluation
procedure included an iterated Shirley procedure for background sub-
traction. The peak identification was made to obtain a consistent fit at
all the investigated potentials. The metal peak positions were allowed
to float to compensate for a slight charging in the passive film. For
quantification, relative sensitivity factors given by the XPS instrument
supplier were used. The passive film thickness was calculated using
the intensity ratios of oxidized metal over the metallic signal. The pas-
sive film was divided into an oxide and a covering hydroxide-water
layer according to a method used previously.5, 6, 37, 47–49
Results
Potentiodynamic curves.— Figure 6 shows the current density evo-
lution and the mass change represented in function of the potential
sweep carried out in PBS (a) at room temperature and (b) at 37◦C.
Figure 6. Potentiodynamic curve and simultane-
ous measurement of mass change of the CoCrMo
alloy at 1mV/sec in PBS (a) at room temperature
and (b) 37◦C. Figure 5(a′) and 5(b′) show the en-
largement of the mass variation in the active and
passive domains.
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Table II. Electrochemical parameters of the CoCrMo alloy in
simulated body fluids at different conditions.
Ecorr ip Eb
Electrolyte Temperature (mVAg/AgCl) (μA/cm2) (mVAg/AgCl)
PBS Room −418 ± 10 0.51 ± 0.22 389 ± 35
Temperature
PBS 37◦C −600 ± 54 2.38 ± 0.18 471 ± 21
After the correction for viscous loading, the mass signal was smoothed
using a Savitzky-Golay algorithm.50
The cathodic domain below −0.5 VAg/AgCl is characterized by a
negative current density due to the reduction of dissolved oxygen and
partially of water. In this domain, the mass increases significantly at
the beginning of the tests in particular at 37◦C. Indeed, the maximum
value of mass reached at 37◦C was 760 ng cm−2 (at −0.8 VAg/AgCl)
while at room temperature only a maximum of 500 ng cm−2 (at
−0.9 VAg/AgCl) was observed. The continuous and slight increase
of the mass in this cathodic domain is clearly observed in the en-
largements of the mass variation versus potential between −1V and
0.6 VAg/AgCl represented in Figure 6(a′) and 6(b′). This mass increase
is likely related to the build up of an oxide film on the CoCrMo alloy
surface, which interestingly occurs at relatively large cathodic poten-
tials. However, other phenomena such as adsorption could contribute
to the mass increase.
The second domain corresponds to the passive plateau which ex-
tends over a broad range of potentials (from −0.4 to 0.4 VAg/AgCl
approximately). In this domain, the current density remains constant
and monotonic loss of mass is observed. This behavior corresponds
well to passive dissolution.
The transpassive domain can be divided in two regions: the first
from approximately 0.4 to 0.6 VAg/AgCl and the second from 0.6 to
1 VAg/AgCl. The first transpassive region (I) is characterized by an
abrupt increase in the current density at approximately 0.4 VAg/AgCl
without any significant change in mass loss rate. This potential lies in
between the equilibrium potentials of the oxidation of Cr(III) to Cr(VI)
(0.2 VAg/AgCl) and of the water oxidation (0.6 VAg/AgCl). Therefore this
current increase can be attributed to the formation of Cr(VI).
On the other hand, in the second transpassive region (II), a strong
decrease of the mass takes place above 0.6 V due to transpassive
dissolution.5 This potential corresponds to the reversible potential of
water and to a change in anodic kinetics characterized by a shoulder
in the polarization curve.
Similar transpassive behavior was reported in a previous EQCM
investigation of FeCr alloys in sulphuric acid solutions.33 This and
the present findings indicate that oxidation of Cr(III) to Cr(VI) is not
sufficient to trigger transpassive dissolution.
Table II summarizes the electrochemical parameters Ecorr, ip and
Eb extracted from the potentiodynamic curves. At 37◦C these charac-
teristic values correspond well with the average values obtained under
similar conditions in a round robin test carried out using Co28Cr6Mo
bulk alloys.43 Clearly those parameters are significantly affected by
the temperature which shifts Ecorr toward lower values and increases ip
one order of magnitude. The temperature also influences the measured
mass loss. At room temperature (Figure 6a) the mass reached a maxi-
mum value of 500 ng cm−2 while a 37◦C (Figure 6b) the maximum is
760 ng cm−2. This indicates that passive film thickness increases with
temperature. Furthermore, temperature accelerated passive dissolu-
tion of the CoCrMo alloys. Indeed, the slope of the mass vs potential
curves (Figure 6(a′) and Figure 6(b′)) in the passive domain raises
from 100 ng cm−2 V−1 at room temperature to 260 ng cm−2 V−1
at 37◦C.
Potential step measurements.— Potentiostatic tests were per-
formed in order to characterize the passive film growth. The following
experimental variables were investigated: scan rate, temperature and
passive and transpassive potential. The Figure 7 shows the experi-
mental results obtained in PBS during the potential step from −0.05
to 0.35 VAg/AgCl (a) at the scan rates of 10mV/s at room temperature,
(b) at the scan rate of 10mV/s at 37◦C and (c) at the scan rate of
100mV/s at 37◦C. The results obtained during the potential step test
from −0.05 to 0.55 VAg/AgCl in PBS at 10mV/s at room temperature
and 37◦C has been plotted in Figure 8. The selected potentials corre-
spond to the passive (0.35V Ag/AgCl) and in region (I) of the transpassive
domain (0.55V Ag/AgCl). The total frequency was measured simultane-
ously to the total current density. Thus, after correcting the total fre-
quency for viscous loading and after applying the Sauerbrey equation
(equation 2) the variation of the total mass measured by the EQCM
was obtained (massEQCM).
Figures 7b and 7c show the response of the current density when
two different scan rates were used. The peak current is higher at 100
mV s−1 scan rate but the steady-state current density after approxi-
mately 500 s (0.9 μA cm−2) as well as the total charge (3.1 ± 0.3
and 2.8 ± 0.2 mC cm−2 for 10 and 100 mV s−1 respectively) are little
affected by scan rate. Figure 7(b′) and 7(c′) show the evolution of
the mass variation measured during the potential step test carried out
at 0.35 VAg/AgCl at different scan rates. The mass evolution shows a
continuous loss (passive dissolution) until approximately 900 s when
the mass change reaches a steady-state plateau. The plateau values
are 216 ± 4 and 175 ± 10 ng cm−2 for the 10 and 100 mV s−1 of
scan rates, respectively. This difference suggests faster passivation
at higher scan rate thus yielding less dissolution. The fact that the
steady-state is reached earlier at higher scan rate support this hypoth-
esis, Figures 7(b′) and 7(c′).
Figures 7(a-a′) and 7(b-b′) show the effect of temperature on pas-
sive film growth. While temperature does not affect the shape of
the current transient it influences the total charge and the mass loss.
In fact, at room temperature the mass loss in the steady state (174
± 5 ng cm−2) is lower than at 37◦C (216 ± 4 ng cm−2) while the
charge changes from 1.8 ± 0.3 mC cm−2 (room temperature) to 2.9
± 0.3 mC cm−2 (37◦C).
The response of the current density and the massEQCM at the applied
potential step from −0.05 to 0.55 VAg/AgCl (transpassive domain) at
room temperature and 37◦C is represented in Figure 8. After an initial
peak the current stabilizes after approximately 300 s at values of 32.2
and 50.3 μA cm−2 at room temperature and 37◦C, respectively. A
similar transient behavior was observed by Hodgson et al.5 on bulk
CoCrMo samples passivated at the same potential in buffered 0.14M
NaCl solution. In addition, in the Figure 8(a′), the evolution of the
mass loss measured by the EQCM shows a straight line with time.
The final mass loss is 8 ± 0.7 μg cm−2 at room temperature and
12 ± 2.5 μg cm−2 at 37◦C. The mass loss at 0.55 VAg/AgCl is much
larger than at passive potential due to transpassive dissolution that is
apparently accelerated at higher temperature. At this potential, a direct
dependence of the massEQCM and the charge is obtained, according to
the Faraday’s law, obtaining an overall value of n of 4.3. This confirms
that the dissolution rate increases due to the dissolution of Cr(VI),
Co(III) and Mo(VI) species.
XPS analysis.— The XPS measurements were used for determin-
ing the chemical composition of the passive film, the atomic con-
centration of the species presents in the oxide film and in the bulk
metal and finally, the oxide film thickness. Thus, XPS analysis was
performed on samples after the potentiostatic tests under the different
experimental conditions. In addition, the XPS spectrum was also ob-
tained for the sample polarized after the first step potential (from OCP
to −0.05 VAg/AgCl) for analyzing the variation in thickness and com-
position between the first and the second potential step (from −0.05
to 0.35 VAg/AgCl and from −0.05 to 0.55 VAg/AgCl).
The peaks of the alloying elements were deconvoluted according
to metallic and oxidized species (Table I). Figure 9 shows an example
of the deconvolution of (a) cobalt (Co2p), (b) chromium (Cr2p) and
(c) molybdenum (Mo3d) in a sample measured after potentiostatic
step from −0.05 to 0.35 VAg/AgCl at the scan rate of 10mV/s at 37◦C.
While the oxidized state significantly contributes to the Cr and Mo
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Figure 7. Current density evolution (left) and mass change (right) measured by the EQCM (mEQCM) in potential step tests from −0.05 to 0.35 VAg/AgCl of a
CoCrMo biomedical alloy in PBS (a-a′) at room temperature and 10 mV/s, (b-b′) at 37◦C and 10 mV/s and (c-c′) at 37◦C and 100 mV/s. Results from two
independent tests are shown. Continuous lines in the right corresponds to exponential interpolation of the measurements points.
signals its contribution to the Co spectrum is very small. All samples
suffered carbon adventitious contamination as indicated by the large C
peaks situated at 285 eV. On all samples a weak P signal was observed
with the maximum intensity at approximately 134 eV indicating the
presence of phosphate ions. Adsorption of phosphates from simulated
body fluids on the CoCrMo passive films was already reported in the
literature.6, 51 The three states O2−, OH− and H2O contributed the O
(O1s) peak (Figure 10).
The approach developed by Olsson and Landolt5, 47 for charac-
terizing passive films formed in simulated body fluids on CoCrMo
alloy was used here for XPS quantification. This approach assumes
a four layered structure of the passive surface involving an adsorbed
Figure 8. (a) Current density evolution and (a′) mass change measured by the EQCM (mEQCM) in potential step tests from −0.05 to 0.55 VAg/AgCl of a CoCrMo
biomedical alloy at 10 mV/s in PBS at room temperature and 37◦C. Two independent tests are shown for each condition.
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Figure 9. XPS spectra and the corresponding fitted peaks measured on the
CoCrMo alloy after the potential step test from −0.05 to 0.35 VAg/AgCl at
10 mV/s in PBS at 37◦C: (a) cobalt, (b) chromium and (c) molybdenum.
Figure 10. XPS oxygen spectrum and corresponding fitted peaks for the
CoCrMo alloy after the potential step test from −0.05 to 0.35 VAg/AgCl at
10 mV/s in PBS at 37◦C.
water film, an outermost hydroxide film, an internal oxide film and the
underlying metal. By this method it is possible to calculate film thick-
nesses and atomic concentration from the deconvoluted peaks areas as
well from the values of inelastic mean free paths (IMFPs) which was
calculated using TPP2 equation52, 53 and from sensitivity factor given
by the XPS instrument manufacturer (Co2p2/3 2.362, Cr2p2/3 1.583,
Mo3d5/2 2.005, C1s 0.278, O1s 0.780).
The calculated film thicknesses listed in Table III are in good agree-
ment with previously obtained results.4–6 In all cases the water film
is very thin (less than one monomolecular layer) and therefore was
not further considered here. Thus, the passive film was considered to
consist of the hydroxide layer and oxide layer only. The ratio between
hydroxide and oxide film thickness is about 1:1 for passive poten-
tials and 2:1 for the transpassive potential. The thickness obtained at
transpassive potentials is much larger than in the passive domain. This
is consistent with previous works.4, 5 The scan rate has no noticeable
effect while films forms at 37◦C are slightly thicker than the ones
formed at room temperature.
The atomic concentration ratios of the elements Co, Cr and Mo in
their oxidized state in the passive film, determined by deconvolution
of the XPS spectra, are plotted in Figure 11. Temperature and scan rate
have no significant effect on the composition of the passive film. In the
passive domain the passive film mainly contains Cr(III) ions and its
cobalt content decreases with increasing potential. In the transpassive
domain Co constitutes more than 50% of the cations and a signifi-
cant fraction of Cr ions are oxidized to the valence VI. The present
XPS analyzes are in good quantitative and qualitative agreement with
literature results obtained on bulk CoCrMo alloys.4–6, 54
Discussion
Film growth in the passive domain.— The current density peak
obtained at the beginning of the anodic polarization (Figure 7) in-
dicates high metal dissolution, exceeding the oxygen incorporation
into the growing film, i.e. only a fraction of the cations formed at the
metal/film interface contributes to film growth while the rest becomes
dissolved in the solution. This behavior was also observed working
with stainless steel.32, 55 According to the results shown in Figure 7 the
balance in the film/electrolyte interface, massEQCM, is characterized
by the dissolution of the cations through the passive film into the elec-
trolyte. These results are in good agreement with the mass variation
obtained in the passive domain of the polarization curves (Figure 6).
In those tests a decrease in mass was observed during passivation;
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Table III. Film thicknesses calculated by the convolution of the XPS peaks of the different alloying elements at different applied potentials and
scan rates of the CoCrMo alloy in PBS at room temperature and 37◦C.
Thickness (nm)
First Step Second Step Temperature Scan rate (mV/s) Oxide Hydroxide Water Passive filma
OCP −0.05 V RT 10 0.9 0.7 0.1 1.6
1.0 0.6 0.0 1.6
OCP −0.05 V 37◦C 10 0.9 0.7 0.2 1.6
0.9 0.7 0.1 1.6
−0.05 V 0.35 V RT 10 1.2 1.1 0.0 2.3
1.2 1.1 0.1 2.3
−0.05 V 0.35 V 37◦C 10 1.3 1.2 0.1 2.5
1.1 1.2 0.1 2.4
−0.05 V 0.35 V 37◦C 100 2.4 1.4 1.0 2.4
2.3 0.8 1.5 2.3
−0.05 V 0.55 V RT 10 4.8 3.1 0.0 7.8
7.2 2.3 0.1 9.5
−0.05 V 0.55 V 37◦C 10 5.0 2.8 0.2 7.8
11.8 2.9 0.2 14.6
a Oxide + Hydroxide.
however, the mass that goes to the film growth, massFILM, is expected
to increase with time.
The passive film growth can be correlated with the mass changes
taking place at the electrode surface which are determined by the
concurrent phenomena of passive film growth and passive dissolution.
A procedure for the quantitative appraisal of these phenomena results
has been developed previously.31, 36, 37 This procedure has been applied
in the present study.
Figure 12 shows the mass balance of the ions implicated in the
oxide film formation of the CoCrMo alloy. According to this represen-
tation all mass change going into the oxide film, through the interface
metal/film (interface denoted as I) and film/electrolyte (interface II)
are considered positive. Therefore, the incorporation of cations and
anions into the passive film corresponds to a positive mass change.
The negative mass change is due to ions moving from the oxide film
to the electrolyte.
Three assumptions were made to interpret the EQCM data (i) all
elements are oxidized corresponding to their relative bulk concentra-
tion at the metal-film interface, (ii) the cations remaining in the film
Figure 11. Cationic fraction in the oxide film as measured by XPS at dif-
ferent applied potentials and scan rates of the CoCrMo alloy in PBS at room
temperature and 37◦C.
have the same oxidation number as when they are first oxidized and
(iii) only O2− and OH− anions were considered.
Thus, the film thickness change has been calculated using the equa-
tion 5 which is adapted for the CoCrMo alloy according to previous
works36:
m f ilmtot =
∑
i=cation
m Ii + m E QC M [5]
where m Ii denotes the mass change for each cation of the alloying
elements through the metal/oxide interface (I) and the m E QC M is
the mass change at the film/solution interface (II) which is measured
by the EQCM. The latter parameter includes the contribution of the
cations (Co, Cr and Mo) and the oxygen (needed for oxide formation)
from the electrolyte (Figure 12).






Figure 12. Mass flow convection of the metals that contributes to the oxide
film formation. The sign is positive for the flows that favor the film formation
through the interfaces I and II.
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Figure 13. Total mass change (mFILM) and thickness change (calculated by
dividing the former parameter by the film density) of the film during passi-
vation CoCrMo in PBS from −0.05 to 0.35 VAg/AgCl (a) at 10 mV/s at room
temperature, (b) at 10 mV/s at 37◦C and (c) at 100 mV/s at 37◦C. Results from
two independent tests are shown.
where qi is the charge density, Mi is the molar mass of the element i,
F is the Faraday’s constant, ni is the valency, and ci is the bulk atomic
concentration of the element i.
The mass variation of the oxide film (massFILM) extracted from
equation 5 has been represented in Figure 13. The change of the
thickness of the passive film can be calculated by dividing the film
mass change by the average film density ρ(g cm−3). The evolution of
the film thickness with time is also illustrated in Figure 13.
During passivation at 0.35 VAg/AgCl the film grows initially (first
100 seconds) very fast. Afterwards the growth rate decreases progres-
sively. Finally the film thickness reaches a plateau value after 600 s at
room temperature or 1500 s at 37◦C. The scan rate does not signifi-
cantly affect the growth kinetics. The increase in film thickness due to
passivation at 0.35 VAg/AgCl was extracted from Figure 13 for each ex-
periment and listed in Table IV together with the corresponding XPS
values. The latter was determined by subtracting the total thickness
(oxide+hydroxide) of the film formed at −0.05 VAg/AgCl to the thick-
ness of the passive films formed at 0.35 VAg/AgCl (Table III). Taking
into account the uncertainties associated with EQCM measurements
and XPS quantification (errors in peak fitting and calculation of elec-
tron means free path) the results of Table IV show a good correlation
between the two techniques. Both EQCM and XPS indicate that the
passive film grown at room temperature is slightly thinner that the one
forming at 37◦C.
These results (Figure 7 and Figure 13) clearly indicate that the
potentiostatic passivation process is characterized by a continuous
loss of mass through the film/electrolyte interface accompanied by
film growth.
Film growth in the transpassive domain.— The same film growth
quantification procedure described in the previous section was applied
to the potentiostatic test carried out at the transpassive potential of
0.55 VAg/AgCl. The obtained film growth kinetics are shown in Fig-
ure 14 at room temperature and 37◦C. At both temperatures the film
thickness increases linearly with time. The average growth rate is 0.49
± 0.05 and 0.77 ± 0.06 nm min−1 at room temperature and 37◦C re-
spectively, i.e. being faster at higher temperature. The Figure 8 shows
that the current reaches a constant value soon after polarization despite
the continuous growth of the oxide film. Thus the oxidation kinetics is
apparently not influenced by the oxide film. Such situation typically
arises when surface films are cracked or porous.
The thickness change as measured by EQCM is very reproducible
and corresponds to average values of 15 and 25 nm for room tempera-
ture and 37◦C respectively (Table IV). Interestingly XPS yields much
lower values and significant scattering particularly at 37◦C. These
differences between the two techniques may be due to several rea-
sons. First XPS being an ex-situ technique, film thinning can occur
during sample rinsing with water after polarization. The thinning is
not necessarily uniform which could result in variations of film thick-
ness measured by XPS depending on location of the analyzed area
on the sample surface. Furthermore, thick surfaces films attenuate the
Figure 14. Total mass change (mFILM) and thickness change of the film during
transpassive polarization of CoCrMo in PBS from −0.05 to 0.55 VAg/AgCl at
10 mV/s at room temperature and 37◦C.
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Table IV. Film thickness change obtained in the second potential step determined by EQCM and XPS (obtained subtracting to the total thickness
the obtained after the first potentiostatic step) of the CoCrMo alloy at different scan rates and temperatures.
Thickness Change (nm)
First Step Second Step Temperature Scan rate (mV/s) EQCM XPS
−0.05 V 0.35 V RT 10 0.6 0.7
0.5 0.7
−0.05 V 0.35 V 37◦C 10 0.9 0.9
1.0 0.8
−0.05 V 0.35 V 37◦C 100 1.2 0.8
1.1 0.8
−0.05 V 0.55 V RT 10 14.7 6.2
16.5 7.9
−0.05 V 0.55 V 37◦C 10 25.9 6.2
23.9 13.0
XPS metallic signal down to very low, difficult to quantify intensi-
ties. This uncertainty may affect the outcome and scattering of XPS
quantification. The present results show that EQCM, thanks to its in
situ character, can constitute an extremely valid alternative to XPS for
studying film thicknesses.
Transpassive oxidation and dissolution of the CoCrMo alloy.—
In the measured EQCM polarization curves (Figure 6) the potential
(transpassive oxidation potential) at which the current start to increase
after the passive potential does not match the potential at which mass
loss starts increasing (transpassive dissolution potential). In order to
illustrate this, the derivative of the mass with respect to time during
the polarization curve was calculated and plotted together with the
current in Figure 15.
This figure shows that up to the potential of 0.52 VAg/AgCl the dis-
solution rate is negligible. Above this potential the dissolution rate
abruptly increases. Thus the potential 0.52 VAg/AgCl can be defined
as the transpassive dissolution potential (ETD). Up to this potential
the passive state is maintained. However, the transpassive oxidation
potential (ETO) corresponding to the oxidation of Cr(III) to Cr(VI)
occurs at a lower potential (0.28 VAg/AgCl) as indicated by the current
curve. This indicates that Cr(VI) ions can form in the passive film of
CoCrMo alloy without affecting passive dissolution. Similar results
were found by Schmuki et al.56 when investigating transpassivity of
Cr2O3 films using in-situ X-Ray Near-Edge Spectroscopy combined
with electrochemical techniques. They detected the presence of Cr(VI)
Figure 15. Current density and derivative of the mass with respect to time
during the polarization curve of the CoCrMo alloy at 1mV/sec and 37◦C
in PBS.
at passive potentials and concluded that Cr(VI) is incorporated in the
Cr2O3 prior to transpassive dissolution. The factors responsible for
triggering the transpassive dissolution are not clear at present. Ac-
cording to Schmuki et al.56 formation of chromate ions occurs within
the film by reaction of Cr(VI) ions with inwards diffusing oxygen
anions. Transpassive dissolution starts only when a critical concen-
tration of chromate ions is reached at the oxide surface. Based on this
hypothesis one could conclude that sufficient chromate ions formed on
the CoCrMo passive film only above ETD (0.52 VAg/AgCl). However,
this ignores possible influences by Co and Mo ions which cationic
fraction increases significantly close to the transpassive potential of
CoCrMo alloys.4, 5
Influence of temperature on mass and thickness change.— The
results in Figure 6 show that temperature affects the passive dissolution
(potentials below ETD) but neither oxidation of Cr(III) to Cr(VI) nor
transpassive dissolution (for potentials larger than ETD). This is in
agreement with previous results showing an increase in corrosion rate
of CoCrMo alloys with increasing temperature.57
On the other hand, the increase in temperature also enhances the
oxide film thickness (0.3–0.4 and 0.12–0.1nm with EQCM and XPS
respectively) in the potentiostatic tests carried out at 0.35 VAg/AgCl,
Table IV. This indicates that despite their larger thickness passive
films formed at 37◦C are less protective than the ones form at lower
temperature. These results demonstrate the need of controlling tem-
perature for the study of the electrochemical processes occurring on
biomedical alloys such as the CoCrMo alloy in biological systems.
EQCM results obtained at room temperatures may underestimate the
kinetics of the film growth and passive dissolution.
Conclusions
Combined EQCM and XPS experiments have been used for an-
alyzing the electrochemical behavior of a PVD-CoCrMo biomedical
alloy in phosphate buffer solution at 37◦C. The simultaneous mea-
surements of the electrode mass change in the nanogram range, of
the current and charge permitted, using the passive film composition
determined by XPS, the evaluation of the passive film growth and
passive dissolution kinetics. The following conclusions are drawn:
• The electrochemical behavior of the PVD-CoCrMo alloy corre-
sponds well with the one observed for the CoCrMo bulk alloy.
• All over the potential range investigated, mass loss was observed.
In the passive region, mass loss was considerably lower than in
the transpassive region. Increasing temperature promotes passive
and transpassive dissolution.
• In potentiostatic tests at 0.35 VAg/AgCl (passive potential) the
passive film initially grows at a fast rate of over 0.25 nm min−1
(room temperature and 10 mV s−1), 0.33 nm min−1 (37◦C and
10 mV s−1) and 0.57 nm min−1 (37◦C and 100 mV s−1) while
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after 300 s the growth rate decreases one order of magnitude.
Neither scan rate nor temperature has a significant influence on
passive film growth. The mass loss rate (dissolution) decreases
exponentially with time.
• At the transpassive potential of 0.55 VAg/AgCl the film grows
from the beginning at constant rate of 0.49 nm min−1 at room
temperature and 0.77 nm min−1 at 37◦C. The observed constant
mass loss rate indicates that the passive film at the transpassive
potential is cracked or porous.
• The onset of the transpassive dissolution takes place at potentials
above the transpassive potential as commonly defined by the
increase in the current density on polarization curves. The latter
corresponds well to the oxidation of Cr(III) oxide. This indicates
that oxidation of Cr(III) to Cr(VI) is not sufficient to trigger the
transpassive dissolution of CoCrMo.
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